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論 文 内 容 要 旨          
 Microorganisms were widely used in food production and preservation at the beginning of the discovery, 
but with the in-depth study of microbes, microbiology combined with other research disciplines such as 
medicine, agronomy and ecology. In the field of environmental engineering, biological treatment of 
wastewater and waste can be seen as an enhanced microbial degradation process in the food chain. 
Therefore, the analysis of microbial community structure and function under various decomposition 
conditions is receiving more and more attention in the field of environmental engineering.  
Molecular biology has been rapidly developed in the twenty-first century, breaking through the limitations 
of traditional microbial culture techniques, opening the hazy eyes to understand and appreciate the role and 
importance of the uncultured microorganisms. With the help of molecular technology, we focus on the 
co-digestion of food waste and waste paper whose amount was growing year by year in the world, and 
systematically discusses the variation of microbial community under different temperatures, substrate 
matrix ratio and system setting. The results 1) illustrated the microbial community in the thermophilic and 
mesophilic single- and two-phase anaerobic digestion with or without recirculation, 2) summarized their 
functions in the process of hydrolysis, acidogenesis, acetogenesis and methanogenesis and 3) clarified the 
impact of environmental factors on microbial community evolution. This study provides a microbiological 
theoretical basis for the co-digestion of paper waste and paper waste, and provides the guidance to improve 
the operation of the reactor. 
Thanks to its high loading tolerance, energy recovery in the form of methane and its low generation of 
biomass, anaerobic digestion has been widely applied in the treatment of the organic fraction of municipal 
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solid waste. As a mono-substrate, the digestion of paper waste (PW), one of the biggest components of 
municipal solid waste, has been shown to be difficult. While PW contains a large amount of carbohydrate, it 
lacks nutrients: an excessive dosage of PW in the anaerobic digestion system increases the C/N ratio. 
Because of the lack of basic raw materials for the synthesis of amino acids and proteins, this increase in the 
PW ratio significantly inhibits the assimilation of microorganisms. On the other hand, the carbohydrate in 
PW is in the form of cellulose and hemicellulose: unlike starch or glucose, these are referred to as refractory 
carbohydrates due to their high degree of polymerization. Besides, lignin, another major component in PW, 
has also been classified as a refractory organic matter for degradation. These factors make it difficult for PW 
to be degraded anaerobically and to be consumed by microorganisms.  
Conversely, food waste (FW) is classified as a nitrogen-rich biomass due to its high protein and amino acid 
content. It is therefore reasonable to assume that a supply of essential nitrogen element from FW has 
potential to foster higher effectiveness in the anaerobic co-digestion of PW and FW, with a higher harvest 
than the sole digestion of PW. As a matter of fact, when collecting municipal waste, PW and FW are always 
mixed; for example, a mixture waste of food residuals and tissue is the common garbage from public 
restaurants. Because the separation of these two organic wastes is difficult, the direct co-digestion of these 
two wastes provides a convenient way to treat both PW and FW.  
In chapter 3, a thermophilic reactor was set up for the co-digestion of FW and PW. One of the objectives of 
this work was to investigate the shift in the structure of the microbial community in response to the 
long-term performance of the reactor with the increase in the PW ratio. Another aim was to seek and 
identify the functional microorganisms which play important roles in cellulose degradation, protein 
degradation, lactic acid production and together with the syntrophs, homoacetogens and methanogens 
which work in the process of methanogenic degradation. Based on these outcomes, a reasonable metabolic 
pathway for the co-digestion of FW and PW in the thermophilic anaerobic digestion system was proposed.  
The mesophilic anaerobic digestion had been widely investigated in the last decades by a great number of 
studies. Compared with thermophilic condition, the mesophilic anaerobic digestion owned such advantages 
as low energy consumption and high stability. In terms of anaerobic digestion, the reactors typically need to 
a heater to maintain the optimum temperature for the growth of microorganisms. Generally, the 
microorganisms are classified according to the good range of temperature in which they are developed: 
psicrophilic (T < 15 °C), mesophilic (15 °C < T < 45 °C) and thermophilic (T > 45 °C) and hyperthermophilic 
(T >75°C). The operation in mesophilic range (33–37 °C) is more stable and requires a smaller energy 
expense. Also, the ammonia inhibition was more likely to happened under the thermophilic condition when 
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Even though it has been reported that the removal efficiency and gas production rate were higher under 
the thermophilic condition than that of mesophilic condition in most cases, the difference between the 
thermophilic condition and mesophilic condition somehow depends on the substrate. If the co-digestion of 
food waste and paper waste can be realized, demonstrating a good performance under the mesophilic 
condition, the one-stage mesophilic anaerobic digestion is considered more appropriate. It is known that the 
microorganisms under the mesophilic condition were more complex than that of thermophilic condition. The 
microbial sequence identified under the mesophilic condition also had low identity with the cultured strains. 
These obstacles made the analysis of functional groups under the mesophilic condition more difficult 
(Supaphol et al., 2011). The Anaerobic Digestion Model No.1 (ADM1) was proposed in 2002 in the 
International Water Association (IWA), the model separated the methane fermentation into 5 steps: 
disintegration, hydrolysis, acidogenesis, acetogenesis and methanogenesis. Except that the archaeal groups 
which use acetic acid or hydrogen to generate methane, the functions of bacteria were always intricate. 
Therefore, it is necessary to analyze the microbial community in the medium temperature reactor.  
In chapter 4, a mesophilic continuously stirred tank reactor (CSTR) was set up as a one-stage system for 
the co-digestion of food waste and paper waste. The objectives of this study were to 1) investigate the shift in 
the structure of the microbial community in mesophilic anaerobic co-digestion of food waste and paper waste 
and illustrate the difference to the mesophilic conditions. 2) make clear the variation of microbial community 
with the increase of PW ratio and responsible for the performance of reactor 3) propose reasonable metabolic 
pathways of the co-digestion of FW and PW in the MAD system. 
Due to the different growth characteristics of acidogens and methanogens in the AD process, it is difficult 
to set an optimum operation condition such as pH and HRT for both of them. This limited the performance 
of single-stage anaerobic digestion. In 1971, Pohland and Ghosh improved the single and proposed system 
which separated the acidogenesis and methanogenesis into two serial reactors to realize the independent 
operating conditions, named as two-stage anaerobic digestion (TSAD). A combination of kinetic control and 
pH control proved to be effective for the separation of acid and methane phases since the short HRT and low 
pH had more advantage for acid generation. 
Due to the operational stability and high treatment efficiency, the research on the TSAD was then 
blooming, the treatment substrates including industrial wastes, dairy wastewater, food waste, municipal 
solid wastes were well studied.  
Beside the above advantages, the TSAD was also able to generate hydrogen in the first stage. The 
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investigation on the dark hydrogen fermentation also bloomed around 2000 due to the increased interest in 
hydrogen fuels. According to the reaction kinetics in anaerobic fermentation process, the high partial 
pressure of hydrogen will inhibit the process of acidogenesis and also toxic to the microorganism, leading a 
cessation of methane production. The TSAD can separate the hydrogen in the first reactor by reduce the 
HRT to 1 or 2 days and a relative low pH around 5. But the system could not increase its methane 
production rate because the hydrogen utilized by the methanogens was reduced when the process turned 
into the second reactor. 
While the two-stage anaerobic digestion allowed independent operation, before the 1990s, the two reactors 
in the TSAD system were always operated with the same temperature: both of them are under mesophilic or 
thermophilic condition. However, the mesophilic system had inferior removal efficiency in some researches 
fed with specific substrate such as confectionary, the removal efficiency of COD was less than 50%. The 
thermophilic condition had relative higher COD removal efficiency, however, the energy consumption for the 
heating was high. 
In 1997, researchers at Iowa State University provide a new conception of TPAD: temperature-phased 
anaerobic digestion. The temperature-phased approach involves a two-phase reactor system with the first 
stage operating at a thermophilic temperature (commonly 55°C) and the second stage operating at a 
mesophilic temperature (commonly 35°C). Initially, the research focused on the treatment of mixtures of 
primary and waste activated sludge, and had comparative results with the single-stage mesophilic system. 
In their study, the TPAD system showed a good performance on the fecal coliforms destruction and VS 
removal.   
Temperature-phased anaerobic digestion has drawn wide attention all over the world because it combines 
thermophilic and mesophilic processes into one and integrates the advantages of both in the one process: 
rapid degradation rate in thermophilic system and stable operation in mesophilic anaerobic digestion. 
Generally, the temperature-phased anaerobic digestion can tolerant higher loading rates compared to 
single-stage processes and the thermophilic reactor can also play the role to deactivate pathogenic organisms. 
However, the thermophilic reactor in the first-stage of TPAD process was also sensitive to the operational 
condition just like the one-phase system, which may inhibit the performance of the mesophilic reactor in 
second-stage of TPAD.   
The TPAD system is mainly effected by temperature, pH, HRT, recirculation and substrate. The factors of 
temperature, pH and HRT had been well studied, and the widely acceptable value of temperature was 55°C 
under the thermophilic condition and 35°C under the mesophilic condition. However, this may also vary 
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condition just like the one-phase system, which may inhibit the performance of the mesophilic reactor in 
second-stage of TPAD.   
The TPAD system is mainly effected by temperature, pH, HRT, recirculation and substrate. The factors of 
temperature, pH and HRT had been well studied, and the widely acceptable value of temperature was 55°C 
under the thermophilic condition and 35°C under the mesophilic condition. However, this may also vary 
based on the substrate. A previous study showed that the best performance of the degradation of waste 
activated sludge was under the pre-treatment of 65°C. The pH around 5~6 was usually used in the 
pre-treatment, while some researches also proposed that to elevate the pH to 6~7 in the hydrolysis reactor is 
better for the whole process, and the HRT was usually set as less than 4 days. 
The recirculation makes the system more stable and well functioned, even though the performance of the 
recirculated TPAD (R-TPAD) was largely dependent on the sludge exchange rate between the acidogenesis 
phase and methanogenesis phase, however, with the same substrate and HRT, the R-TPAD was better than 
both single-stage mesophilic system or single-stage thermophilic system. The back drew from the 
methanogenesis phase supplied alkalinity and microorganisms, sharing the nutrients and intermediates for 
the first-stage. However, in recent year, there are few researches on the recirculated TPAD.  
In chapter 5, a R-TPAD system was set up for the co-digestion of FW and PW. At the same time, a TPAD 
system without recirculation was set up as the blank control. A TSAD system was also established to 
investigate the inhibition of lactic acid to the system. All these systems had the same HRT of 30 days, which 
is as same as the single-stage system. The purpose of this study was firstly, to investigate the influence of a 
short time thermophilic treatment to the microbial community structure in mesophilic and thermophilic 
anaerobic co-digestion of FW and PW, and secondly, to investigate the effect of recirculation on the 
generation of microorganism community. 
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